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We have observed 28 heteronuclear Feshbach resonances in 10 spin combinations of the hyperfine
ground states of a 40K 87Rb mixture. The measurements were performed by observing the loss
rates from an atomic mixture at magnetic fields between 0 and 700 G. This data was used to
significantly refine an interatomic potential derived from molecular spectroscopy, yielding a highly
consistent model of the 40K 87Rb interaction. Thus, the measured resonances can be assigned to
the corresponding molecular states. In addition, this potential allows for an accurate calculation
of the energy differences between highly excited levels and the rovibrational ground level. This
information is of particular relevance for the formation of deeply bound heteronuclear molecules.
Finally, the model is used to predict Feshbach resonances in mixtures of 87Rb combined with 39K
or 41K.
One of the current challenges in modern atomic and
molecular physics is the production of quantum degener-
ate, dilute ensembles with dipolar interaction. Especially
for the case of ultracold dipolar fermions, a large vari-
ety of interesting phenomena has been predicted, includ-
ing superfluid pairing [1, 2], quantum computing [3, 4]
and the fractional quantum Hall effect [5]. Recently,
first evidence of dipolar interactions in bosonic chromium
atoms has been reported [6]. However, most of the
predicted effects will be difficult to observe in atomic
systems, since the dipolar interaction is typically dom-
inated by the contact interaction. A fascinating alter-
native is the preparation of quantum degenerate sam-
ples of molecules in their absolute ground state [7]. One
obvious approach is direct cooling of molecules ([8, 9]
and references therein). Alternatively, weakly bound
Feshbach molecules [10, 11, 12, 13, 14, 15, 16] can
be created from degenerate atomic ensembles. Subse-
quently a second process, such as Stimulated Raman Adi-
abatic Passage [17], can be used to form tightly bound
molecules [18, 19, 20, 21]. The mixture of 40K and
87Rb is a promising candidate for the production of
polar molecules, since the first heteronuclear Feshbach
molecules were recently obtained in this mixture [16] and
pathways to deeply bound molecules are under investiga-
tion [22]. The precise understanding of the interatomic
potential presented in this letter is of vital importance
for the development of such paths towards deeply bound
molecules.
In our experiments, 20 previously unknown s-wave
Feshbach resonances in stable spin configurations of
40K and 87Rb were detected and identified using the
following procedure. An initial prediction of the res-
onances was based on precise potentials of the X 1Σ+
and a 3Σ+ states obtained from molecular spectroscopy
[23]. The asymptotic parts of these potentials were
then adjusted to reproduce the 8 previously known res-
onances [24, 25, 26, 27]. Our measurement of a total of
28 resonance positions as described below allowed for a
significant refinement of the potential. This technique
provides a potential which is precise both at small and
large internuclear separation. Thus, it allows for the cal-
culation of the energy difference between the Feshbach
molecules and deeply bound molecules in the ground
states. This difference is the key parameter for the pro-
duction of deeply bound quantum degenerate molecules
with large dipole moments.
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FIG. 1: Total atom number as a function of the magnetic field
in the 87Rb |1, 1〉, 40K |9/2,−5/2〉 state.
The following experimental procedure was used
to detect heteronuclear Feshbach resonances in a
40K 87Rb mixture. A two-species magneto-optical
trap (MOT) was loaded with 5 × 109 87Rb atoms and
2× 108 40K atoms using light-induced atom desorption
at 395 nm. This process provides an efficient, switchable
source of atoms [28]. The desorption light was switched
off before the end of the MOT phase in order to bene-
fit from a better vacuum. Both species were cooled in
an optical molasses and optically pumped to the fully
2stretched low-field seeking Zeeman states, |f,mf 〉 = |2, 2〉
for 87Rb and |9/2, 9/2〉 for 40K. The atoms were sub-
sequently loaded into a magnetic quadrupole trap and
mechanically transported to an ultra-high vacuum cell.
There, these atoms were transferred into a harmonic
trap in QUIC configuration [29] with 87Rb trap fre-
quencies of 2pi × 230 Hz (2pi × 23 Hz) in radial (axial)
direction. The 87Rb atoms were cooled by forced ra-
dio frequency (RF) evaporation and in turn cooled the
40K atoms sympathetically. This evaporation was termi-
nated shortly before reaching quantum degeneracy and
an equal mixture of 2×106 87Rb and 40K atoms at a tem-
perature of 1.1 µK with no discernible fraction in other
Zeeman states was obtained. This ensemble was trans-
ferred into an optical dipole trap formed by a monolithic
Nd:YAG laser at a wavelength of 1064 nm with a trap
depth of 170 µK and radial (axial) trapping frequencies
of 2pi × 2 kHz (2pi × 25 Hz) for 87Rb. In the dipole trap
the mixture had a temperature of 4 µK and a maximum
87Rb density of 2× 1014 atoms/cm3.
The use of an optical dipole trap allows for the free
choice of the magnetic field and thus enables an investi-
gation of Feshbach resonances. To produce strong mag-
netic fields up to 700 G, the quadrupole coils of the mag-
netic trap are operated in quasi-Helmholtz configuration.
This field was raised to 10 G to transfer the 87Rb atoms
from the |2, 2〉 state to the |1, 1〉 state by a microwave
rapid adiabatic passage. Starting at 6.8561 GHz, the
microwave frequency was reduced by 800 kHz within a
50 ms interval. The transfer efficiency was better than
90% and the remaining atoms in the |2, 2〉 state were
removed with a resonant light pulse. Afterwards, the
magnetic field was raised to 19 G to allow for a transfer
of the 40K atoms to a specific spin state. To access the
nine |f = 9/2,mf = −9/2 . . .7/2〉 states, radio frequency
sweeps with a speed of 10 kHz/ms starting at 6.56 MHz
were used. The desired spin state was selected by adjust-
ing the end of the RF sweep.
If needed, the magnetic field was raised to 29 G to
transfer the 87Rb atoms to the |1, 0〉 or |1,−1〉 state by
using RF sweeps. The final mixture is stable against spin
changing collisions as long as one of the components is
in the lowest energy spin state. In this case, the spin
exchange is either forbidden by energy or by angular mo-
mentum conservation, since the 87Rb Zeeman structure
is inverted. This allows for the investigation of Fesh-
bach resonances in a total of 12 different spin configu-
rations, nine of which have not been investigated so far
[24, 25, 26, 27].
The Feshbach resonances in all of these states were lo-
cated by detecting inelastic losses. After preparing the
spin mixture of interest, the magnetic field was quickly
increased to a certain value. The atoms were held at this
magnetic field for a time between 0.5 s and 2 s. The
hold time was chosen such that the maximum loss of
atoms was approximately 50%. On the one hand, this
TABLE I: Magnetic-field positions and widths of all investi-
gated s-wave Feshbach resonances in the mixture of 40K and
87Rb. Quantum numbers are given for the corresponding
molecular levels without magnetic field. The whole multiplet
is given for the total angular momentum F , since its split-
ting is smaller than the Zeeman energy (see Fig. 2) and F is
no longer a good quantum number. All molecular states are
mixed levels of the last bound vibrational states va = 30 and
vX = 98. Note that the experimental width σexp does not cor-
respond directly to the theoretical width ∆th (see definition
in text).
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ensures a good signal-to-noise ratio, on the other hand,
the population of other Zeeman states due to inelastic
3collisions remains negligible. After this hold time, the
magnetic field was lowered to a small bias field perpen-
dicular to the direction of detection. Both species were
detected independently by absorption imaging after bal-
listic expansion. The spin states were separated in a
Stern-Gerlach experiment by a strong magnetic gradient
applied for 4 ms during the initial stage of the expansion.
This allowed us to verify that no unwanted spin compo-
nents were populated. The total number of atoms was
measured as a function of the applied magnetic field. Fig-
ure 1 shows the result of these measurements for the spin
configuration 87Rb |1, 1〉 and 40K |9/2,−5/2〉. For each
resonance, a Gaussian fit was used to extract the cen-
ter position and the 1/e2-width of the resonance. Due
to slight asymmetries of the resonances and shot-to-shot
atom number fluctuations of ∼ 10%, the determination
of the resonance position has a mean relative uncertainty
of 3× 10−4.
The magnetic field was calibrated at four mag-
netic field strengths between 200 and 700 G using the
87Rb |1, 1〉 → |1, 0〉 RF transition. A residual inho-
mogeneity of the magnetic field over the trap region
and small current noise lead to a relative field width of
3× 10−4, restricting the uncertainty of the field calibra-
tion to 1× 10−4.
Based on the interatomic potential we were able to
predict all s-wave Feshbach resonances in the available
spin states. All resonances were found less than 0.8 G
from the predicted values. The measured resonances are
listed in Table I.
The measured resonance positions were then used to
refine the molecular potentials further using the method
described in Ref. [23]. By slightly altering the disper-
sive coefficients and the slope of the potential at the in-
ner turning point, an optimal match of the calculated
and measured resonance positions was obtained. In this
procedure, the experimental observations were weighted
with their individual uncertainties. Figure 2 shows the
binding energies and the scattering length at the reso-
nances for the 87Rb |1, 1〉, 40K |9/2,−5/2〉 state. The
calculated resonance positions Bth and widths ∆th are
listed in Table I. The theoretical widths correspond to
the distance between the center of the resonance and
the zero crossing of the scattering length. This width
corresponds to the usual approximation for the scat-
tering length in the vicinity of a Feshbach resonance
a(B) = aBG(1−
∆th
B−Bth
) with the background scattering
length aBG.
With this procedure, it was possible to improve the
consistency of the model significantly. The initial fit to
the ten known resonance positions from Ref. [24, 25] gave
a mean deviation of 275 mG, 2.75 times larger than the
experimental uncertainty of 100 mG. We were able to re-
duce the mean deviation for our measurement of all 28
resonances to 123 mG, yielding a standard deviation of
1.1 times the experimental uncertainty. Thus, our model
-0.09
-0.08
-0.07
-0.06
-0.05
-0.04
-0.03
-0.02
-0.01
0.00
0.01
0 100 200 300 400 500 600 700
-300
-200
-100
0
100
200
F=3/2,5/2,7/2,
   9/2,11/2
F=5/2,7/2,
   9/2
 
bi
nd
in
g 
en
er
gy
 [c
m
-1
]
F=7/2,9/2,11/2
 
 
 sc
at
te
rin
g 
le
ng
th
 [a
0]
magnetic field [G]
FIG. 2: Simulation of the molecular binding energies
as a function of the magnetic field for the 87Rb |1, 1〉,
40K |9/2,−5/2〉 state (top). Around the magnetic field posi-
tions where the binding energy approaches zero, the heteronu-
clear scattering length diverges (bottom). The resonances are
not fully resolved due to the finite computational step size
chosen for the graph. The total angular momentum specified
at zero magnetic field is denoted by F .
reproduces all resonance positions within the experimen-
tal uncertainty. However, our model does not include the
collisional loss processes in the vicinity of a resonance
which can slightly shift the resonance positions.
The precise knowledge of the interatomic potential is
a key ingredient for many experiments with quantum
degenerate heteronuclear mixtures. In particular, our
model allows for an accurate calculation of binding ener-
gies of the molecular levels, which is an essential ingre-
dient on the way to deeply bound quantum degenerate
molecules. The weakly bound levels which are responsi-
ble for the Feshbach resonances are listed in Table II. For
the lowest singlet and triplet molecular states, we obtain
a binding energy of 4180.269 cm−1 (N=0, hyperfine split-
ting less than 1 MHz) and 240.024 cm−1 (N=0, F=7/2),
respectively.
In combination with a good understanding of the elec-
tronically excited molecular potentials, this will allow
for the selection of excited states with sufficient Franck-
Condon overlap for the transfer of Feshbach molecules to
deeply bound molecules. Thus, our results provide a ma-
jor step on the path towards the production of quantum
degenerate ground-state molecules.
Finally, our model allows us to predict Feshbach reso-
nances in mixtures of 39K and 87Rb or 41K and 87Rb.
4TABLE II: Binding energies of the involved molecular states
in cm−1 with respect to the atomic asymptote fRb = 1, fK =
9/2. The expectation value of the electronic spin is given to
quantify the triplet-singlet mixing.
F fRb/fK spin binding F fRb/fK spin binding
energy energy
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2
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7
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2
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2
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11
2
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0.519 −0.07878 9
2
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2
0.784 −0.01310
11
2
1/ 9
2
0.628 −0.01269
In Fig. 3, the Feshbach resonances are shown for the sta-
ble spin configuration with both species in the |1, 1〉 state.
Both mixtures show broad resonances, which can be used
for precise control of the interactions [30]. In particular,
the wide resonance at ∼ 40 G will allow very precise con-
trol of the scattering properties over the full range from
−1500 a0 to 1500 a0. Both bosonic Potassium-Rubidium
mixtures are currently under investigation and will en-
able an experimental investigation of the predicted res-
onances. By comparing the resonance positions, it will
be possible to test the validity of the Born-Oppenheimer
potentials used in this work. The non-zero mass ratio
between the electrons and the nuclei leads to corrections
to the Born-Oppenheimer potential [31] which result in a
phase shift of the scattering states. This shifts the Fesh-
bach resonances slightly with respect to the predictions
and an experimental observation will allow for the valida-
tion of the mass-scaling techniques with unprecedented
precision.
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FIG. 3: Interspecies scattering lengths of 39K87Rb (top)
and 41K87Rb (bottom) as a function of the magnetic field
strength.
In conclusion, we have observed 20 previously unknown
s-wave Feshbach resonances in a mixture of 40K and
87Rb. Using these observations we have significantly im-
proved the model of the interspecies interaction, which
reproduces the experimental data both at small and large
internuclear separation. In addition, this potential al-
lows for an accurate calculation of the energy differences
between highly excited states and the molecular ground
state. This information is of particular relevance for fas-
cinating prospect of forming deeply bound heteronuclear
molecules. Finally, the model is used to predict Fesh-
bach resonances in mixtures of 87Rb combined with 39K
or 41K. These resonances promise precise control of the
bosonic mixtures and also provide a novel system to test
the validity of the Born-Oppenheimer approximation.
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